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Abstract 

We studied the dynamic effects of an electromagnetic (EM) wave with circular polarization 
on a two-level damped atom. The results demonstrate interesting ac Stark split of energy levels 
of damped atom. The split levels have different energies and lifetimes, both of which depend on 
the interaction and the damping rate of atom. When the frequency of the EM wave is tuned 
to satisfy the resonance condition in the strong coupling limit, the transition probability exhibits 
Rabi oscillation. Momentum transfer between atom and EM wave shows similar properties as the 
transition probability under resonance condition. For a damped atom interacting with EM field, 
there exists no longer stable state. More importantly, if the angular frequency of the EM wave 
is tuned the same as the atomic transition frequency and its amplitude is adjusted appropriately 
according to the damping coefficients, we can prepare a particular 'Dressed State' of the coupled 
system between atom and EM field and can keep the system coherently in this 'Dressed state' for a 
very long time. This opens another way to prepare coherent atomic states. 



PACS numbers: 42.50.Vk, 32.80.-t, 03.65.Ge 
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I. Introduction 



It has been a long history for the study of dynamics of an atom in Electromagnetic (EM) 
field. In the past two decades, there has been revived and continuous interest to the subject of 
atomic motion in a Laser field, due to the variety of interesting and significant properties displayed 
in the interaction between atom and Laser field. These properties have been utilized to realize the 
deflection of atom beams by Lasers, (isotope separation) [1] , Laser's cooling and trapping of atoms 
[2]. The successful observation [3] of the long-predicted Bose-Einstein condensation in 1995 was also 
attributed to the development of the technology of Laser's cooling and trapping of atoms. 

The growing theoretical and experimental investigation has been devoted to the control of 
the lifetime of atoms in a cavity [4], since Purccll proposed the original idea that the lifetime of an 
atom can be modified [5] . These studies demonstrated that the spontaneous emission of atom can be 
suppressed or enhanced by a cavity [6] , and thus the lifetime of atom can be controlled artificially. 
On the other hand, efforts to understand the spontaneous emission spectrum of two-level atoms 
when driven by a nearly resonant Laser field occupied central stage early on in the development 
of quantum optics. As is now well known, the primary spectral consequence of exposing a two- 
level atom to a strong driving field is to split the undriven atomic emission into a triplet of peaks 
[7]. The atom and the driven field can be viewed as a single quantum system termed a Photonic 
Molecular, has eigenstates which has been referred to as dressed states [8]. As early as 1950s, Lamb 
et al. investigated the shortening of a metastable state caused by the coupling between an atom 
and a static electric field [9], and Bethe et al. studied such effects for a two- level atom [10]. These 
considerations, however, were limited to the static field and excluded the translational motion of 
the atom. Spontaneous emission by atom in free space and in cavity was studied recently in the 
framework of density matrix with the help of some approximations as Born-Markov approximation 
[11]. It claimed that spontaneous emission has no dependence on the translational motion of the 
atom in free space, since such dependence would lead to the violation of Galilean invariance [12]. 
Cavity mirrors break the Galilean invariance, so that atomic eternal motion effects arc expected to 
exist in the spontaneous emission of the atom. 

We studied the dynamic effects of a circular-polarized EM wave on a damped two-level atom, 
taking into consideration the center-of-mass motion of the atom. It was an extension of our previous 
paper concerning the non-damped atom in EM field [13]. The reason that we use circular-polarized 
EM wave is based on two facts: one is that a plane EM wave can be formed from two circularly 
polarized waves and vice versa, and the other that such formulation can voids the use of Rotating 
Wave Approximation (RWA). The procedure adopted is semi-classical, that is to say, the atom is 
treated as a quantum system while the electromagnetic wave is considered classically. Using such 
semi-classical procedure, the strict solution of Schrodinger equation for the damped two-level atom 
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coupling with EM wave can be expected without any approximation except the dipole approxi- 
mation, which is used in all the dipole-field interaction. In Sec. II, we derived the Schrodingcr 
equations for the damped atom and obtained their strict solutions. Ac stark split of the unper- 
turbed energy levels and the lifetimes of the atom in the four split levels were presented in Sec. III. 
In Sec. IV, we discussed the transition probabilities, finding that the coupling between atom and 
EM wave introduces into the stable state such as ground state part of the instability of the other 
states. When the frequency of the EM wave was tuned to satisfy resonance condition, the transition 
probability between two unperturbed states exhibits Rabi oscillation within a short period as in the 
static electric field case. In Sec. V we calculated the momentum transfer between the atom and 
the EM wave under the resonance condition with the consideration of some limiting cases. Sec. VI 
provided a new set of basis states- 'dressed states', which is the superposition of the unperturbed 
basis states of the atom. In this 'dressed state' space, the total time-dependent Hamiltonian of the 
couple system can be diagonanized. If an EM wave is tuned the same frequency as the atomic tran- 
sition frequency and its amplitude is adjusted appropriately according to the damping coefficients, 
then we can prepare a dressed state of very long lifetime at which the system can keep coherently 
for a quite long time. Summary along with concluding remarks was given in Sec. VI. 



We first proceed with a non-damped two-level atom of mass to, transition frequency ui a and 
the dipole moment D interacting with a circular polarized EM wave propagating in the positive 
z direction. The electric field E of the EM wave is E=(E cos(w£t — kz), — E sm(ojLt — kz)), 
where E , u>L,k are the amplitude, angular frequency and wave vector respectively. In the dipole 
approximation, the Hamiltonian of a two-level atom in an EM wave is H = P 2 /(2m) + H + Hj, 
where P 2 /(2to) is the kinetic energy term of the atom, H a = diag{E\, E2) is the Hamiltonian 
associated with internal motion, and Hi = — D • E is the dipole interaction between atom and EM 
wave. 

we choose the eigenstates | ipi > and | <p 2 > of the free Hamiltonian Ho whose eigenvalues 
are, respectively, E\ = huj a /2, and E 2 — —huj a /2: 



II. Formulation Of The Problem 



H I ipx > 



E 1 \<p 1 > 



H I <P2 > = E 2 I f2 > ■ 



(1) 



Then the dipole transition gives that 



Hf = 



< <Pi\ Hi 



ipi >= 0, 



i = 1, 2 



Hf = <ip 2 \Hj 



¥1 > 




Hf = <ip l \Hi\ip 2 >= Hj 



21* 



(2) 



3 



where il — 2DEq/Ti. For a damped two- level atom, it can fall back to lower energy levels through 
spontaneous emission of one or several photons, with a probability 1/n per unit time: n is the 
lifetime of the unstable state | ipi >. If a state | <pj > is non-damped (such as the ground state) in 
the absence of the coupling Hj, its lifetime tj is infinite. The Hamiltonian for the coupled system 
between a damped two-level atom and an EM wave can be readily obtained, by simply adding 
an imaginary term to the corresponding internal energy in the non-damped atom's Hamiltonian 
[13]: i. e., E^ — Ei — ihji/2, where 7^ = l/Vj is the damping rate of the atom. It is noted that 
for the Hamiltonian of a damped atom in EM field, in which an imaginary term iU'ji/2 exists, 
then it is not hermitian, and thus the probability to find the atom in all of its unperturbed states 
will not always equal to 1. Such system is a dissipative system and its wave functions can not 
be normalized, and the total probability of finding the atom in its unperturbed states will not be 
conserved. By solving the Schrodinger equation ifi-^ \ ~$>(t) >= H \ ^(t) > in momentum space, 
where | ^>(t) >= tpi(t) \ ip\ > +tp2(t) \ ¥2 >, we get the following coupled equations in momentum 
space 



The coupled Schrodinger equations (3) can be decoupled and solved exactly [13]. Assuming that the 
damped atom is initially in the state | ip2 > with momentum p^, then ^(p, 0) = 5{p — po), after 
some similar algebra as in Ref. 13, we obtain the following solutions 



ihj t Mp,t) = {^ + E 1 ^in 11 /2)Mp,t)-\^~ 1 ' 
ihj t Mp,t) = (^ + E2-ih l2 /2)ip2(p,t)-hne^' 



tp^p + hk.t). 



V>2(p- hk,t) 



(3) 



1p!(p + hk,t) = S(p-p ) 



Mp, t) 



8{p-Po)[ 



\-e~ u 

4/3(p) [ 

Mp) + p(p) 

1 2/?(p) 




(4) 



which can be transformed into coordinate space 



(f>i(z,t) 



4(2irhy/ 2 p( Po ) 




(f>2{z,t) 




I r e(Po) + P(Po) c ±\(po+Kk)z+E+( m )t] _ f(go) ~ ft(Po) 



( 
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where tof(p) = ai(p) ± /3(p),wf(p) = a 2 {p) ± (3(p), Ef = htuf,Ef — fiujf, with 



ai(p) = a 2 (p) = (E + /H + lj l -ry + )/2, 



e(p) = -(E-/H + Aw-i 7 _)/2 




(6) 
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Though the solutions of Schrodinger equation for the damped atom have the same form as 
that for non-damped atom, the physical significance of these solutions are very different. The crucial 
discrepancy lies in that the coefficients and the exponential terms concerning the energy and lifetime 
in the solutions of Schrodinger equation for damped atom are complex function, while they are real 
function in that for non-damped atom. In addition, the wave functions of the atom can not be 
normalized, and the probabilities of finding the atom in its unperturbed states will be not always 
equal to 1. 

III. Ac Stare Split Of Energy Levels 

In the above section, we mentioned that the coefficients and the exponential terms related 
to the energy and the lifetime in the solutions of Schrodinger equation given by Eqn. (5) are both 
complex function. They can be decomposed into two parts-the real part designated by superscript 
R concerning energy, and the imaginary part by superscript / is related to damping rate. After 
some algebra, we have 

Ef R = [E+ + hu; L ±2hf3 R ( P )}/2, 
E± R = [E + — Tilul ± 2Ti(3 R (p)]/2, 
Ef 1 = h[ 1+ ±2(3 I (p)}/2, 

= h[ 1+ ±2(3 I (p)}/2, (7) 

where 

P R (p) = ^j-{y/[(E-/h + Auj) 2 + Vt 2 - 7 2 ]2 + 4 7 2 (E-/h + Auj) 2 + 

(E./fi + Awf+Cl 2 -^} 1 / 2 , 
/? J (p) = ^-{y/[(E-/h + Auj) 2 + ft 2 - 7 2 ] 2 + 4 7 2 (E~jh + Aco) 2 - 

(E-/h + Alu) 2 -n 2 + -f 2 _} 1/2 . (8) 

Inspecting Expressions (4) and (5), we find that both <f>\(z, t) and §i{z, t) comprise two plane waves, 
in which the energies and the lifetimes of the atom are different with the momenta being the same. 
Thus the two unperturbed levels of the atom are split into four levels of different energies, which are 
given by Eqn. (7). The energy difference AE = E+ — E^ = E^ — E% = 2K@ R (po) is the same for 
the two unperturbed levels of the atom. While the lifetimes (damping rate) of the atom in the four 
split-levels are obviously modified as compared with that in the unperturbed two states, though the 
imaginary part of the energy term can not be directly regarded as the inverse of the lifetime. In 
Fig. 1, we depicted the above energy level split caused by a time- varying EM field is referred to as 
ac Stark split. 

IV. Transition Probabilities and Rabi Oscillation 
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It is well known that, when a two- level atom is interacting with a static electric field, Rabi 
oscillation occurs, i. e., its transition probability will oscillates between the two-unperturbed states 
| ipi > and | (f2 >■ From Eqn. (4) or (5), we can readily obtain the probabilities of finding the 
damped atom at time t in its unperturbed state | ipi > and | Lp 2 > 

Pl (p + hk,t) = 8 | ^ po) |2 {c OS /i[2/3 7 (p )t] -c OS [2/3 fi (p )^]}e' 7+t , 

P2( P o,t) = {[| e(po) | 2 + | /?(po) | 2 ]c OS /i[2/3 7 (p )i] + [ 7 -/?'(Po) - (E_/h + Auj) 

^{p^sinhW 1 ^] + [| f3( Po ) | 2 - | c(po) | 2 ] COS [2/3«( Po )t] - i[ 7 _/3 fl (p ) 

+ Acj)^(p a )} S in[2f3 R (p )t}}e^\ (9) 

Eqn. (9) demonstrated a fact that the probabilities of finding the atom in its unperturbed state 
| ipi > or | (f2 > evolve with time in a quite complicated way. They depend not only on the 
amplitude and frequency of the coupling circular-polarized EM wave, also on the physical qualities 
of the atom such as dipole moment and kinetic energy. More importantly, the coupling of a two-level 
atom with a EM wave introduces into the stable state part of the instability of the other state. This 
can be verified as we set | ip 2 > to be a non-damped state (72 = 0), damped exponentials still exists 
in the probability to find the atom in this non-damped state | ip 2 >■ Then we conclude that when 
a damped atom is exposing to an EM field, there exists no longer stable state for this atom. If the 
frequency of the EM is tuned such that E-/H + Alu = (which we defined as 'Resonance'), then 
the above probabilities have the following simple form 

Pl (p + hk,t) = ?] i^- T sin 2 [(fi 2 - 7 2 )h/2] e -^ t , (10) 
P2M = ^g^{cos 2 [(0 2 - 7 2 )h/2] + ^^f-^ sm[(» 2 - 7 2 )h] 

for strong coupling (£1 > 7-), while for for week coupling, i. e., ft < 7_, we have 

pi(po + ftM) = ^^sinh 2 [( 7 2 -fi 2 )h/2] e -^', (12) 



& r___u2r,_.2 ^L,o, , 7-( 7 2 
2 



P*M = ^2^Ti cosh [(7- - n 2 )'*/2] + 2^ Slnh[(7 - " 



-^}e-^- (13) 

The form of Eqn. (10) recalls Rabi' formula. According to the definition of £L, 'Resonance' means 
that the frequency of EM wave equals to the energy difference including kinetic energy and internal 
energy of the two unperturbed basis states divided by h. While in most literatures, resonance 
condition implies that the frequency of external field is tuned the same as the transition frequency 
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between two states of atom. So the condition 'Resonance' used here includes the center-of-mass 
motion of the atom. When the coupling between atom and EM field is strong enough(£l > 7-), 
resonance condition E-/H + Auj = guarantees the atom to oscillate between the state | ipi > and 
I (f2 > within a period At < t + = This can be clearly observed from Fig. 2. At times t > t + , 
the atom will decayed into the lower energy states, since the probabilities of finding the atom in 
I ipi > and I y>2 > decrease rapidly with time for t > t+. Note that if the damping is excluded in our 
consideration, i. e., 7_ = 7+ = 0, then we recover the sinusoidal oscillation as expressed in Eqn. 5 in 
Rcf. 13. In addition, according to Eqn. (8), EM wave provides the atom with a certain probability to 
transit from the lower energy state | <pi > to the higher energy state | ^2 > by absorbing a or several 
photons of momenta hk, before it decays to lower energy states. If the EM wave is switched off, then 
the atom will directly decay into other states than the unperturbed state | ip2 > and it is impossible 
to find the atom in the higher energy states. At t = 2n7r/(£! 2 — 7 2 _)i (n = 0, 1, 2, ...), the probability 
of seeing the atom in state | ipi > is zero, and the probability to find the atom still in state | ip2 > 
arrives maximum. For weak coupling, the probabilities of finding the atom in its unperturbed states 
is a sum of damped exponentials. This result has a simple physical interpretation: the lifetime 
r + = I/7+ is so short that the system is damped into the lower energy states than | ip 2 > before 
the coupling has time to oscillate between states | <p 2 > anc l | <fii >■ 

V. Momentum Transfer between atom and EM Wave 

In our previous work, we have shown that a circular-polarized EM wave exerts expelling or 
trapping force to a non-damped two-level atom, due to the momentum transfer between the atom 
and EM wave. The properties of the action depend on wether the atom motion direction is the same 
as or opposite to the propagating direction of EM wave, and the initial state of the non-damped 
atom. In this section, we studied the momentum transfer between a damped atom and a circularly 
polarized EM wave, and we only considered the case that the atom is initially in its undamped state 
I </?2 > (72 = 0). We also compared the results for damped atom with that for non-damped atom. 
Using the expression of probabilities to find the atom in its states | ipi > and | <^2 >, we have the 
average values of the momenta of the damped atom 

Pa = {po + hk)pi(p + M,t) +PoP2(po,t). (14) 

It is easy to show that the expressions of averaged momenta can be recovered into non-damped 
atom case in the absence of damping emission. If the averaged momenta of the atom is known, the 
momentum transfer between atom and EM wave are calculated to be 

&P = Pa-po- (15) 
In the following, we discuss in detail the momentum transfer under the resonance condition. In the 
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case of strong coupling, we have 

A P =(e-^-l) Po + ? |^sinW-7i¥V^^ (16) 
for weak coupling, the momentum transfer is 

Ap = (e-»* - l) P0 + -0^ sinh 2 [( 7l 2 - n 2 )^/2]e-^ f +Po 7l(7? 2 ~" 2) ' sinh K7i 2 - n 2 )**^'. 

(17) 

The average force exerted to the damped atom by the EM wave can be also obtained from Ehrenfest's 
theorem: F = -^Ap. From Eqn. (16) , for 71 << ft, we can approximate e~ 7lt ~ 1 and omit 
the first and third terms in Eqn. (16) , then we recovered the results for non-damped atom: 
Ap = hksm 2 (Ut/2) and F — QKksm(Qt)/2. In this case, the action of the EM wave on the atom 
shows the expelling property, because the direction of the average momentum the atom requires from 
the EM is the same as the propagating direction of the EM wave. This is easily understood since the 
spontaneous emission has trivial effects on the momentum transfer. For t « n, the results will be 
in good agreement with that in Ref. 1. Let us consider another limiting case n >> fl, according to 
Eqn. (17), we can readily conclude that the momentum transfer in this limit tends to zero rapidly. 
This phenomenon can be understood easily since spontaneous emission induces no net momentum 
transfer. The most interesting is the intermediate case where spontaneous emission process takes 
its effects. As the transition probability, the momentum transfer is expected to exhibit interesting 
oscillation in the strong coupling limit and rapid damping for weak coupling, though it is positive in 
the two limits. When a damped atom is irradiated by an EM wave, absorption-emission processes 
proceed at two distince rates. Photons are absorbed from and emitted into the applied wave at 
the induced rate fl, and occasionally photons are spontaneous emitted in random directions at the 
spontaneous rate 71. In the strong coupling case that the induced rate exceeds the spontaneous rate, 
the momentum transfer operating at the induced rate will be more efficient and more rapid than 
that at spontaneous rate. Thus the momentum transfer will be similar to the case for non-damped 
atom, with a resultant positive momentum transfer for a short time showing expelling property and 
a fluctuating ( the third term in Eqn. (16) charactering the spontaneous process. While for weak 
coupling, the spontaneous rate exceeds the induced rate, then no net momentum transfer is expected 
at times t > n , since the spontaneous emission occurs in random directions and thus introduces no 
net momentum transfer. 

VI. Diagonization of H(t) and 'Dressed States' 

From Eqns. (4) and (5) or following the relation (20) and (21) of Ref. 13 between the 
amplitudes tpi (p, t) and ip2 (j>, t) , we can express the wave function in the form 

*(P,t) =ai I p_(t) > e-^+^^e-^-P'^ + az \ <p + (t) > e^I^M"^-^/*' <">]*. (18) 
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where we defined a set of new time-dependent basis states | <p~(t) > and | tp+(t) >, which are the 
superposition of the unperturbed basis states | ip\ > and | ip 2 > 

| p_(t) > = cos(d-)e- WLt / 2 e l9 - | ifi! > +sin(i?_)e^*/ 2 | (p 2 >, 

| ¥>+(*)> = cos{d + )e- lulLt / 2 e ie+ | ipi > + sin(i? + )e^ t/2 | <p 2 >, (19) 

With l? T = ^Ctg( 2 | e(p)"/?(p) |) and °T = Arct 9( itp)T (3Hp) ^ ^ C1C * Dd ^ ^ ^ giVen by 

expression (8). In the {| tp-(t) >,\ <p+(t) >} basis, the total Hamiltonian H(t) can be written as 



H 



± + K/3 R (p)+ih( 7+ /2-(3 I (p)) 

^t-^«(p)+iM7+/2 + /9 J (p)) 



(20) 



Thus, in the {| <P-(t) >, | <p+(t) >} space, the total Hamiltonian of the system is diagonanized. 
The basis states {| ip~{t) >, | <p+(t) >} should be regarded as the basis states belonging to the 
coupled system between atom and EM wave, rather than the basis states of the damped atom, since 
| <fi-(t) > and | tp+(t) > include the contributions of the EM wave with circular polarization, as 
can be seen from Eqn. (15). In this sense, we call the states {| <£-(t) >, | <fi+(t) >} dressed states 
belonging to the coupled system, of which the energies and the lifetimes are 

T " = 7+T2/3'W (21> 
For the above 'Dress states', their lifetimes contain two parts, one of which is related to the lifetimes 
of the atom in its unperturbed states, while another depends on the interaction between atom and 
EM wave. If we adjust the interaction between atom and EM field, we can effectively elongate the 
lifetime of the coupled system in the state | ip_ (t) > and shorten the lifetime in | ip + (t) > . In other 
words, if an damped two-level atom is initially prepared in the dressed state | f-{t) >, it would stay 
coherently in this state for a longer time than T ip+ , since the spontaneous emission can be suppressed 
to a great extent. This opens another way to prepare coherent atomic states. 
Under the condition of resonance we have 

i r ( P + hk) 2 , p 2 , h(n 2 

^ ~ 2 [ 2m + 2m 2 J ' 

1 

T 7+ 
for strong coupling ( Q > 7_), and 



(22) 



i (p + hk) 2 p 2 

2 [ 2m 2m h 
1 

7+T (7^-« 2 )^' 



(23) 
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for weak coupling ( £1 < 7-)- 

From Eqns. (22) and (23), one can find that, if the EM wave is tuned such that E-/H+Auj = 
and the coupling is strong enough (ft > 7_), then the dress states | <f~(t) > and | (p+(t) > have 
different energies and the same lifetime; in the weak coupling case (O < 7_), the energies are the 
same and the lifetimes are different, this is to say, for weak coupling, there exists degenerate dressed 
states for the coupled system. 

As a concrete example, we considered a moderately massive atom of mass m ~ 1CT 23 G, 
transition frequency cj a ~ 10 -16 sec -1 , original velocity v — 20 msec -1 , lifetime of the excited 
state Ti ~ 10~ 9 ~ 10~ 6 sec, dipole momentum D ~ 1.6 x 10 -29 Cm and a circular polarized EM 
wave of angular frequency lol — tu a ~ 10 16 sec -1 . Since po ~ 2 x 10 -19 Msec « mc ~3x 10 -12 
iVsec -1 , the resonance condition is usually satisfied. To prolong the lifetime of the dressed state 
| y>-(t) >, the amplitude of circular-polarized EM field should be small enough and must be less 
than the 10 3 <~ 1 VmT 1 . Therefore if we want to prepare the dressed state mentioned above at 
which the coupled system can keep for a long time, we may irradiate the atom with a weak circular- 
polarized EM wave of the same angular frequency as the atomic transition frequency. The choice of 
the amplitude of EM wave depends on the lifetimes (damping coefficients) of the damped atom. 

VI. Summary 

We have studied the dynamic effects of a circular-polarized EM wave on a damped tow-level 
atom, with the consideration of the center-of-mass motion of the atom. Schrodinger equation of the 
system and their strict solutions were given in Sec. II. It is shown that, two unperturbed levels of 
the atom is split into four levels of different energy and lifetime by the coupling between the atom 
and EM wave. We found that the energies and lifetimes of the four split-levels depend not only on 
the strength and frequency of the EM wave, but also on the kinetic energydamping rate and dipole 
moment of the damped atom. The analytical relation between them was also presented. 

EM wave can introduces into the non-damped state as ground state part of the instability of 
the other states, hence no stable state exists for a damped atom interacting with EM wave. When 
the frequency of the EM wave is tuned to satisfy the resonance condition, Rabi oscillation occurs in 
the transition probability for strong coupling, and rapid damping happens for weak coupling. 

Under resonance condition, momentum transfer between atom and EM wave shows interesting 
oscillating in the strong coupling case and rapid damping in the weak coupling case as transition 
probability, which depends on wether the induced emission-absorption rate or spontaneous rate 
exceeds the other. For 71 << 0, the momentum transfer for damped atom is very similar to that 
for non-damped atom, while for 71 >> Q, the momentum transfer will tends to zero very rapidly. 

We also defined a new set of basis states-dressed states, which is the superposition of the 
unperturbed states and will evolve with time. In this new set of basis states, the total time-dependent 
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Hamiltonian of the coupled system between the damped atom and EM wave is diagonanized and 
will be independent of time. Moreover, the energies and lifetimes of the new basis states can be 
effectively controlled. Thus the system can be coherently stay in one of the dressed states for a 
very long time, if the circular-polarized EM wave is tuned the same frequency and its amplitude is 
made appropriate according to the atomic damping coefficients. This opens another way to prepare 
coherent atomic states. 

It is interesting to compare the results with that without the consideration of damping in Ref. 
13, which studied the level split and momentum transfer between the atom and EM field, showing 
that the trapping or expelling force of EM wave on atom depends on the initial state of the atom. 
However, if spontaneous emission is taken into consideration, the energies of the split-levels will be 
related to the damping, and the probability of finding the atom in its all unperturbed states will 
not equal to 1 as for non-damped atom. The momentum transfer is also related to the damping and 
the results for non-damped atom can be recovered as 7_ << f2. Within a short period, the motion 
of the atom will be the same (sinusoidal oscillation) both for damped and for non-damped atom. In 
addition, the problem for damped atom is more practicable. Non-damped atom is only a particular 
case of damped atom. For damped atom, we can prepare a special state, in which the atom would 
stay coherently for a long time by the effective adjusting of the coupling. 

Due to the similarity between the quantum dots and atoms [14], some results in this paper 
can be directly applicable to the coupling of the quantum dots with an electromagnetic wave. 
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Figure Captions 

Fig. 1 Ac Stark split of energy levels of a damped two-level atom. 

Fig. 2 Rabi oscillation (a) for strong coupling and damped exponential (b) for weak coupling 
of transition probability pi(Po + Kk,t). 
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